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1
INTERFEROMETRIC LASER GYROMETER

This invention relates to an interferometric gyrome-
ter for measuring angular speed utilising the Sagnac
effect, the angular speed to be measured being deter-
mined by interferometric measurement of the phase

difference between two light beams guided respectively
in the direction of the rotation whose speed it is desired
to measure and in the opposite direction.

Devices of this type are used in which the light beam
used for measurement is divided by separating means
into two beams, these two beams being respectively
transmitted to the two ends of a monomode optical fibre
by focussing means, this monomode fibre being wound
to form a light guide comprising a certain number of
turns. Devices of this type consisting of discrete ele-
ments mounted on a mobile support, lenses, beam sepa-
rators and a light source for example are nelther com-

pact nor stable.
The present invention relates to an interferometric

gyrometer of the type using a monomode optical fibre
which does not have any of the disadvantages referred
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to above. In particular, the device according to the

invention comprises a thin plate on which all the optical
connections between the light source (laser), the detec-
tor and the two ends of the fibre are established in a
completely solid medium, active functions enabling the
operation of the device to be improved being capable of
introduction into the optical path thus predefined
According to the invention, there is prewded an
interferometric laser gyrometer comprising a mono-
mode laser source, a wound light guide, light separating
and mixing means for directing simultaneously amd in
equal parts the monochromatic light emitted by the
laser source towards the two ends of the light guide and
for recombining the light emerging from the two ends
of the optical fibre and a detector for detecting this
emerging llght in which the optical connections be-

tween the emissive face of the source and the ends of 40

the guide and the optical connections between these
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The difference in course AL is expressed by the fol-
lowing relation:

:ﬁL,=4Sm/C

in which S i1s the surface area delimited by the path
followed by the light in the interferometer, ¢ is the
propagation velocity of the light in the guide and .w 1s
the angular speed of rotation. This difference in course
eorresponds to a phase shift between the two waves
emerging from the guide A®P=8nwSw/cA, A being the
wavelength of the light. If the two waves emerging
from the ends of the guide are recombined into a single

guide, a state of interference is established 1n this guide,

this state being a function of the angular velocity of the
interferometer. A quadratic detector collects the corre-
sponding radiation and the signal issuing from the de-
tector, which is characteristic of the luminous intensity
I, is directly associated with the frequency of rotation.

The curve representing this intensity I as a function
of the frequency of rotation - is shown in FIG. 1. The
formula giving the phase shift shows that the phase shift
and hence the sensitivity of measurement 1s directly
proportional to the surface area S. Consequently, this
sensitivity is increased by using a long optical path. The
production of monomode optical fibres introducing
only minimal losses enables a fibre of considerable
length tobe used, the emerging radiation only being
attenuated by a few decibels per kilometer for fibres of
high quality and even by less than 1 decibel per kilome-
ter (0.5 dB/km) for certain types of fibre. The length of
fibre to be wound is a function of the range of speeds to
be measured. For relatively high speeds, a length of a
few meters may be sufficient to obtain a difference in
course giving rise to a state of interference capable of

being detected. |
If the system is to enable suitable measurements to be

~ carried out with low-intensity radiation, it 1s necessary

same ends and the detector are entirely established ina

solid medium, the coupling between the ends of the
guide and the ends of the optical connections being
direct.

The invention will be better understood and other
features and advantages thereof will become apparent
from the following description in conjunction with the
aeeompanying drawings, wherein:

FIG. 1 is a curve explaining the operation of the
device according to the invention.

FIG. 2 shows a first simple embodiment of the device
according to the invention.

FIGS. 3 and 4 partly illustrate other improved em-
bodiments of the device according to the invention.

FIGS. 5§ and 6 show further curves explaining the

operation of the gyrometer according to the invention. -

FIG. 7 shows another embodiment of the gyrometer
according to the invention.

As mentioned above, the effect used for measuring
angular speed in interferometric gyrometers using an
optical path traversed simultaneously in both directions
while the device as a whole is rotating is known as the
Sagnac effect. When rotated at a given speed, the Sag-
nac ring interferometer makes it possible to detect a
difference in course between the optical path of which
the direction corresponds to the direction of rotation of
the interferometer and the opposite optical path.
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for the conditions under which the radiation is transmit-
ted between the emissive face of the laser source and the
ends of the fibre on the one hand and between the ends
of the fibre and the radiation detector on the other hand
to be suitable. The device according to the invention
enables the propagation conditions to be optimised on
the one hand by making the connections rigid, the radia-
tion being guided on solid guides to avoid dispersion,
and on the other hand by integrating them on one and
the same substrate to eliminate any relative variation in-
the positioning of the elements and, finally, by enabling
these connections to be electrically controlled without
difficulty, phase modulators, amplitude modulators or
even filters and resonators being able to be readily intro-
duced into the optical path. In addition, the source and
the detection means may be exactly adapted to the cor-
responding integrated guides.

FI1G. 2 shows a first embodiment of the interferomet-
ric laser gyrometer according to the invention. The
gyrometer comprises a laser source 1 which may be a
gas laser, for example helium-neon, a semiconductor
laser (Ga As) or a solid laser. The laser selected, prefer-
ably has a wavelength corresponding to an absorption
minimum for the optical fibres, 1.e around 0.85 pm or
around 1.2 um. The emissive face of this source 1 is
coupled with the end of a solid light guide 3 formed on
a substrate 2. This substrate may be an electrooptical
substrate, for example a thin plate of lithium niobate
LiNbQO; or lithium tantalate LiTaQO3. The light guides
may be obtained on substrates such as these by the diffu-
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sion of metal 1ons (titanium and niobium, respectively).
In this embodiment, the optical circuit integrated on
this substrate only comprises a directional coupler con-
trolled by two electrodes 7 and 8 between which an
electrical field may be applied.

This directional coupler 1s formed by the guide 3 and

a guide 4 which are parallel to one another over part of

their length, being separated by a predetermined inter-
val. When an electrical field is applied between the
electrodes, the index of the electrooptical material var-
ies and the control by the electrical field enables the
light guided by one guide to be completely or partly
transferred to the other guide. The other end of the
guide 3 and one end of the guide 4 are coupled with the
two ends of a wound optical fibre 5, the second end of
the guide 4 being coupled with the receiving face of a
light detector 6. A device such as this operates as fol-
lows: the coupler is used as a light separator and as a
mixer. A control signal enables light to be emitted by

10
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the laser. The field applied between the electrodes of 20

the coupler is such that half the light 1s transferred from
the guide 3 to the guide 4. Accordingly, the two ends of
the fibre 5 receive half the energy and the fibre is tra-
versed by the light (simultaneously in both directions).
The coupling between the two guides is such that the
two return waves interfere. The detector situated at the
end of the guide 4 thus receives a signal I which is a
function of the rotational speed of the system. Although
a device of the type in question operates continuously, it
may also be made to operate on the pulse principle, in
which case the laser only emits for a period shorter than
the propagation time in the fibre. In this way, detection
takes place in pulses.

FIG. 3 shows a second example of a thin plate. As in
F1G. 2, the device comprises a laser source 1, preferably
a semiconductor laser.

In the same way as before, the thin plate 2 is an elec-

trooptical substrate on which wave guides may be
tormed. The optical connections integrated on the sub-

strate are a first guide 10 picking up the radiation emit-
ted by the laser, a second guide 11 which forms a cou-
pler 14 with the first guide 10 and a symmetrical bifur-
cation formed by two guides 12 and 13 which are cou-
pled with the guide 10 and which are respectively in-
tended to pick up half the radiation guided by the guide
10. A quadratic detector 6 is coupled with the end of the
guide 11 and the two ends 15 and 16 of the monomode
optical fibre (not shown) are coupled with the ends of
the guides 12 and 13. The coupler 14 formed by the two
adjacent parts of the guides 10 and 11 may be placed
either in a parallel state, in which case the light guided
in the guide 10 emerges by the same guide, or in a
crossed state, in which case the light guided in the guide
10 is coupled in the guide 11. To this end, two elec:
trodes 17 and 18, between which an electrical field E
may be applied, overlap the parallel optical paths
formed by the two adjacent parts of the guides 10 and
11. In the absence of the field, the coupler is in the
paraliel state whilst, in the presence of the field, it is in
the crossed state. The field is applied during the return
of the light.

The device thus operates as follows:

The laser source 1 is modulated to emit light pulses
shorter in duration than the propagation time in the
fibre. The coupler is in the parallel state during the
emission of the light pulses so that the light emitted by
the laser is guided in the guide 10. The energy is sepa-
rated equally between the two guides 12 and 13 and is
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transmitted to the fibre where it is simultaneously prop-
agated in both directions. If the system is rotating at the
angular speed o, the two return pulses will be transmit-
ted respectively to the guides 12 and 13 with a phase
shift A®. The coupler is then placed in the crossed state
by the application of an electrical field and the light
combined by the guide 10 is transmitted to the guide 11
and detected by the detector 6, the luminous intensity
detected being directly associated with the angular
speed w. The precision of the measurement is deter-
mined by the signal-to-noise ratio of the system.

FI1G. 4 shows another embodiment of the gyrometer
according to the invention, amplitude and phase modu-
lators being provided in the various branches of the
means for separating and recombining the light so that
the speed measurement is more precise.

More particularly, the gyrometer shown in FIG. 4
comprises a laser source 1 which permanently emits a
light beam. The pulse modulation of the light transmit-
ted to the optical fibre 3 is effected by an interferomet-
ric modulator 35. The light guide 20 coupled with the
emissive face of the source is separated into two guides,
these two guides being subsequently recombined. A

- system of three electrodes, of which a central electrode

21 1s at earth potential and two lateral electrodes 22 and
23 at variable potentials V| and V), enables an electrical
field to be applied to the electrooptical material, induc-
ing a variation in the index of that material. Since the
two recombined waves have a difference in course, a

“state of interference is created. If the two waves are in

phase, all the light emitted by the source is transmitted,
but the difference in course may be adjusted in such a
way that no light is transmitted. When light is transimnit-
ted by the guide 20, it is partly transferred to a guide 24
by a directional coupler 34 formed by two parallel parts
of the guides 20 and 24 separated from one another by

a predetermined distance.

In this case, the control system of the coupler is
formed by three electrodes, one 25 covering the entire

coupling path of the guide 20 and the two others 26 and
27 covering half the coupling path of the guide 24. The
electrode 28§ is at earth potential whilst the electrodes 26
and 27 are respectively at two opposite potentials -V
and — V. A structure such as this enables all the light to
be coupled in one guide or the other or to be divided
between the two guides. In the device illustrated, the
function performed by the coupler is also to divide the
radiation between the two guides during emission of the
radiation and to mix this radiation coming from the two
ends of the fibre during return of the light. The two
fractions of the radiation issuing from the coupler are
guided by the guides 20 and 24 and are transmitted to
the two ends 15 and 16 of the wound optical fibre. The
winding has not been shown in this figure. Phase shift-
ers 28 and 29 have been provided at the ends of the
guides 20 and 24. These phase shifters are formed by
two electrodes of which one is at earth potential whilst
the other is capable of being brought to a variable po-
tential. These phase shifters are controlled on the pulse
principle for phase shifting part of the radiation relative
to the other by an additional quantity (in addition rela-
tive to the phase difference due to the rotation) so as to
shift the point of operation of the device on the curve
shown in FIG. 1. Thus, where provision is made for an
additional phase shift equal to 7 between the two chan-
nels, the intensity of the radiation received by the detec-

tor as a function of the angular speed w is that shown in
FIG. 5. | |
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A device such as this enables a zero intensity to be
obtained at zero speed. Other operating conditions may
also be envisaged, for example by allowing an addi-
tional phase shift of 7r/2 between the two channels. This
is because, in that case, the point of zero speed is situ-

ated at the point of inflection M of the preceding curve

(FIG. 1) and, for a range of speeds in the vicinity of the
zero speed, the slope of the curve is maximal and the
response substantially linear. Accordingly, operating
conditions such as these provide for direct standardisa-

10

tion. A third mode of operation may be used and the
device shown in FIG. 4 is particularly adapted to this

mode of operation. After havmg passed through the
fibre, the luminous return beam is mixed in the coupler
34 formed by the electrodes 25, 26 and 27 associated
with the electrooptical material and with the branches
of the guides adjacent these electrodes. This light beam
issuing from the coupler by the guide branch 24 is de-
tected either by the detector 30 or by the detector 31.
To this end, a coupler 32 of the same type as the coupler
re:;ponmble for coupling the guides 20 and 24, i.e. com-
prising three electrodes, enables the light issuing from
the guide 24 to be completely directed either towards
the detector 30 or towards the detector 31, depending
on the control signal applied. The control signals of the
“coupler 32 are in synchronism with the phase-shift con-
trol signals. |

When no additional phase shift 1s introduced between
the two channels by the phase shifters 28 and 29, the
coupler 32 is adjusted for the radiation which 1s then I
to be detected by the detector 30 whereas, when a phase
shift of 7 is introduced between the two channels, the
coupler 32 is adjusted for the radiation which is then I
to be detected by the detector 31. It is also possible to
provide only a single detector and alternately to mea-
sure I} and I,. The phase shift is applied every second
period solely during the return (or solely during the
emission) of the radiation so that only a fraction of the
radiation undergoes the phase shift. The measurements
alternately effected on one and the other of the detec-
tors correspond t@ I1=1Iy cos? ® and [r=Ip sin? ®. In
this case, the value of the speed is obtained by combin-
ing these two measurements for deducing the value of
tg2 @ and hence the value of ®. A double measurement
such as this enables the effect of variations in the output
power of the laser to be overcome because the speed 1s
obtained without this value of the output power affect-
ing the calculation. The curves shown in FIG. 6 repre-
sent the time diagram of the control signals applied to
the modulator 35 S; (t), to the phase shifter 29 and 28,
Sz (t) or S’ (t) (in dotted lines), and to the output cou-
pler 32, S3(t). 1 is the time taken by the luminous radia-
tion to pass through the wound optical fibre, 72 1s the
duration of the pulse. The pulses shown in dotted lines
in the same axis as S; (t) represent the envelope of the
signal coming from the fibre. The control signals S; (t)
and S'3 (t) respectively correspond to a phase shift ap-
plied to the radiation before or after its passage through
the fibre. In the drawing, one phase shifter has been
shown in each branch to afford the possibility of phase
shifting one or other of the two parts of the radiation,
although one only of these phase shifters may effec-
tively operate for one period of operation.

FIG. 7 shows a device somewhat similar to that
shown in FIG. 4, except that all the elements apart from
the optical fibre itself have been integrated on the same
electrooptical substrate, particularly the laser 1 and the
detector 6. For this embodiment, the laser 1 may be a
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gallium arsenide (Ga As) laser of which the active layer
comprises aluminium and which emits radiation having
a wavelength of the order of 0.85 um or a solid laser
constructed from a crystalline material, for example
lithium niobate, doped with active ions of neodymium
Nd3+. In this latter case, the optical pumping effect is
controlled by an electroluminescent diode, for example
of Ga As, and the laser emits a beam havmg a wave-
length of 1.06 um. |

The laser may also be constructed from a substrate on
InP, the active layer being a layer of GalnAs. Lasers of
this type, which are currently being perfected and
which may be produced more easily than Ga As lasers

emit -at around 1.2 um. Now, the attenuation of the

fibres, which reaches a first minimum for radiation
wavelengths of the order of 0.85 pwm, reaches a second
minimum for wavelengths of the order of 1.2 pm lower
than the first (a factor of 2 in the reduction of attenua-
tion). Accordingly, sources such as these are particu-
larly suitable for the production of an interferometric
gyrometer according to the invention.

‘Similarly, the detector 6, which may be a PIN photo-
diode or an avalanche diode, may also be initegrated on
the substrate. The other elements of the device are
similar to those illustrated in FIG. 4 and include in
particular the substrate 2, the guides 20 and 24, the

coupler 34, the phase shifter 28 and the fibre § (partly

shown). The device operates in the same way as the
device shown in FIG. 3 either continuously or on the
pulse principle, the pulse control being directly effected
by the laser. In this embodiment, the phase shifter 28 is
only used for adjusting the point of .operation and a
single detector 6 is provided, collecting the radiation
mixed by the coupler 10. The circuits mentioned above
are produced by integrated optics; i.e in' the form of
monolithic thin-layer structures, the layers in question
being obtained by deposition, diffusion and etching.
Devices of this type enable good resuits to be ob-

 tained in regard to the sensitivity of measurement. This
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sensitivity may be of the order of 10—2rd/s. Two exam-
ples of the results obtained are given hereinafter, the
characteristics of the various elements having been
selected in dependence upon the range of speeds to be
measured. - -

For measuring a low angular speed, a high-quality
fibre having an attenuation of 5 dB/km and a length of
two kms, wound onto a drum 15 cm in radius and using
a laser emitting a 1 mW beam, the detector having a
band of 10 Hz, enabled a speed of 2 X 10—3 rd/s to be
measured. For higher speeds, the laser source may. be
weaker, for example 0.01 mW, the fibre may be of aver- -
age quality (attenuation of the order of 10 to 100
dB/km) for a length of 5 m and the detector may detect
up to 100 Hz. A gyrometer having characteristics such
as these enables an angular speed of 7X 10— rd/s to be
measured. Higher angular speeds may be measured by
counting interference fringes. Thus, an angular speed of
25 t/s corresponds to a counting of 1100 fringes, one

fringe corresponding to 8.3 deg/s.

The invention is by no means limited to the embodi-
ments specifically described and illustrated. In particu-

lar, an interferometric laser gyrometer in° which the

optical connections between the emissive face of the
source and the ends of a wound optical fibre on the one
hand and the optical connections between these same -
ends of the fibre and a detector on the other hand are
entirely established by guide in a solid medium, the
guides being obtained by the diffusion of metal ions into
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an electrooptical substrate, is included in the scope of
the invention.

Circuits of the type in question may also enable a
measurement of speed to be made by a zero method in
which the phase shifter is subordinated to the detector.

By measuring the variation of intensity in the detec-
tor and by applying to the control electrodes of the
phase shifter a complementary voltage proportional to
the error signal corresponding to these variations in
intensity, the detected signal is kept constant (at the
selected point of operation). The total voltage required
1s thus directly related to the angular speed of rotation
.

The scope of the invention also includes a gyrometer
in which the light guide simultaneously traversed in
both directions 1s not a wound optical fibre, but a light
guide which 1s also integrated onto a thin plate forming
an extension of the guides previously used for the con-
nections, the guide integrated on the thin plate being in
the form of a spiral.

What we claim 1is:

1. An mterferometric laser gyrometer comprising a
laser source having an emissive face, a wound light
guide having two end faces, detection means having a
receiving face, and an integrated optical circuit formed
on a solid substrate and having four ports, said ports
having further faces in straight abbutal with said faces:
- said integrated circuit comprising integrated waveguide
means for interconnecting said four ports; said laser
source supplying radiant energy to said end faces, and
said detection means being fed with the sum of radiant
energies emerging from said end faces; said integrated

waveguide means comprising directional coupler means
for preventing radiant energy emerging from said end
faces from interfering with energy supplied by said laser

source.

2. An interferometric laser gyrometer as claimed in
claim 1, wherein said integrated optical circuit is
formed on an electro-optical substrate, said directional
coupler means -having at least one electrical control
input.

3. An interferometric laser gyrometer as claimed in
claim 1 or 2, wherein said directional coupler means
comprise a 3 dB directional coupler, having ports; two
of said ports being ports of said 3 dB directional coupler
respectively connected to said two end faces.

4. An interferometric laser gyrometer as claimed in
claim 2, wherein said directional coupler means is a
switch type directional coupler having one port in com-
mon with an integrated bifurcated waveguide section:
the further two ports of said integrated bifurcated
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8

waveguide section being respectively connected to said
two end faces.

5. An interferometric laser gyrometer as claimed in
claim 1, wherein said waveguide means are made of
portions of said substrate having a refractive index
higher than that of portions surrounding said portions.

6. An interferometric laser gyrometer as claimed in
claim 1, wherein said wound light guide is a monomode
optical fiber.

7. A gyrometer as claimed in claim 1, wherein said
laser source is integrated on said substrate.

8. A gyrometer as claimed in claim 1, wherein said
detection means are integrated on said substrate.

9. An interferometric laser gyrometer as claimed in
claim 2, further comprising modulating means for mod-
ulating light emerging from said source to emit pulses of
light towards said two end faces; the duration of said
pulses being shorter than the time of transit of the light
along the full length of said wound light guide, the
period of said pulses being at least equal to the sum of
said duration and said time of transit.

10. An interferometric laser gyrometer as claimed in
claim 9, further comprising integrated phase shifter
means provided 1n the path of the light between said
directional coupler and one end face of said wound
guide, said phase shifter means being electrically con-
trolled for introducing a pulsed additional phase shift
between the fractions of the light circulating forth and
back along said wound guide.

11. An interferometric laser gyrometer as claimed in
claim 10, wherein said phase shifter means impart to one

of said fractions an additional phase shift taking a first
value O within one of said periods and a second value 7
within the next one of said periods; said detections

means comprising two detectors, a further electrically
controlled integrated directional coupler being disposed
between said directional coupler and said two detectors;
said further electrically controlled integrated direc-
tional coupler being switched at synchronism with said
phase shifter means. |

12. An interferometric laser gyrometer as claimed in
claim 10, wherein said phase shifter means impart an
additional phase shift of 7/2 between the two fractions
of light. |

13. An interferometric laser gyrometer as claimed in
claim 9, wherein said modulating means are formed by
an integrated amplitude modulator arranged between
sald emissive face of the source and said directional

coupler means.
¥ ¥ ¥ L
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